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Modeling  and  Characterization  of  Dielectric-Charging  Effects  in 

RF  MEMS  Capacitive  Switches 

Xiaobin  Yuan,  Student  Member ,  IEEE,  James  C.  M.  Hwang,  Fellow,  IEEE \  David  Forehand, 
Member,  IEEE,  and  Charles  L.  Goldsmith,  Senior  Member.  IEEE 


Abstract  —  For  the  first  time*  char” in g  anti  discharging 
of  traps  in  the  dielectric  of  state-of-the-art  RF  MEMS 
capacitive  switches  were  characterized  in  detail.  Densities 
lljuJ  lime  con  si  ants  of  di  f  f  l  ■  ru  eiI  crop  spt'cie^  were  extracted 
under  different  control  voltages.  H  was  found  that,  while 
charging  and  discharging  time  constants  arc  relatively 
independent  of  controi  voltage,  steady-state  charge 
densities  increase  exponentially  with  control  voltage,  A 
simple  charge  model  was  constructed  to  predict  the  amount 
of  charge  injected  into  the  dielectric  and  the  corresponding 
shift  in  actuation  voltage,  Good  agreement  was  obtained 
between  the  model  prediction  and  experimental  data. 

Inde.v  Term#  —  RF,  MEMS*  switch*  dielectric,  charging* 
trap, 

L  Introduction 

The  commerc ial ization  of  RF  MEMS  devices  is 
hindered  by  a  number  of  factors  such  as  reliability  and 
packaging.  In  particular,  the  lifetime  of  electrostatically 
actuated  RF  MEMS  capacitive  switches  can  be  affected 
by  dielectric-charging  effects  [1].  The  dielectric  is 
typically  low-temperature  deposited  silicon  dioxide  or 
nitride  with  a  high  density  ( ]0|S/crrr)  of  traps  associated 
with  silicon  dangling  bonds.  During  switch  operation, 
the  electric  field  across  the  dielectric  can  be  as  high  as 
10*  V/cm  causing  electrons  or  holes  to  be  injected  into 
the  switch  dielectric  and  become  trapped.  With  repeated 
operation*  charge  gradually  builds  up  iri  the  dielectric 
resulting  in  actuation -voltage  shift  and/or  stiction  [2j. 

Although  a  general  charge  model  exists  in  the 
literature  [dj,  there  has  been  no  effort  to  accurately 
model  the  charging  stale  of  the  dielectric  and  its  impact 
on  actuation  voltage.  Using  a  special  test  structure  and 
setup,  we  directly  characterized  charging  and 
discharging  currents  in  state-of-the-art  RF  MEMS 
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Fig.  !  Top  view  of  a  Rlalc-of-the-arl  RF  MEMS  capacstivc  switch. 


capacitive  switches  arid  constructed  a  simple  charge 
model  to  predict  their  effects  on  the  operation  of  Ihe 
switches  tinder  different  control  voltages.  The  model 
was  found  to  be  in  good  agreement  with  measured 
actuation- yoI  tage  s  b  i  ft. 

Tl.  Experimental 

Fig.  E  illustrates  a  state-of-the-art  metal -dielectric - 
metal  RF  MEMS  capacitive  switch  fabricated  on  a  glass 
substrate.  The  dielectric  is  Sputtered  silicon  dioxide  with 
a  thickness  of  0.25  pm  and  a  dielectric  constant  of  4.0. 
The  top  electrode  is  a  0.3 -urn- thick  flexible  aluminum 
membrane  that  is  grounded.  The  bottom  chromium/gold 
electrode  serves  as  the  center  conductor  of  a  50  O 
coplanar  waveguide  for  the  RF  signal.  Without  any 
electrostatic  force*  the  membrane  is  normally  suspended 
in  air  2.5  pm  above  the  dielectric.  Control  voltage  in  the 
range  of  25-35  V  is  applied  to  the  bottom  electrode, 
which  brings  the  membrane  in  contact  with  the  dielectric 
Ihus  forming  a  120  pm  x  X0  pm  capacitor.  The  switch 
has  low  insertion  loss  (0.06  dB)  and  reasonable  isolation 
(15  dR|  at  35  GFIz.  The  switching  time  is  less  than  l(>  ps. 
Details  of  the  design*,  fabrication  and  performance  of  the 
switches  will  be  reported  elsewhere. 
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Fig.  2.  Measured  charging  current  under  30  V  and  dLsduir^inj;  nuireni 
after  removal  of  the  voltage  on  an  M3M  test  structure.  Solid  line  is  rhe 
control  voltage  waveform . 

In  order  to  quantitatively  characterize  the  trap  states  of 
the  dielectric,  charging  and  discharging  current 
transients  [4]  were  measured  on  switches  whose 
membrane  was  intentionally  fabricated  in  a  permanently 
down  position  (without  the  sacrificial  release  layer)  thus 
resembling  a  metal-insulator-mctal  capacitor.  A 
precision  semiconductor  parameter  analyzer  was  used  to 
force  a  voltage  pulse  onto  the  switch  while  sensing  the 
current  transient.  Using  a  well-guarded  probe  station  and 
probes  suppressed  the  capacitive  and  leakage  currents  in 
the  measurement  path,  extending  the  transient  current 
measurement  range  below  pA  level. 

As  shown  in  Fig,  2,  when  a  voltage  pulse  is  applied  to 
a  permanently  down  switch,  the  total  current  includes 
displacement  current,  trap  charging  current  and  steady- 
state  leakage  current.  After  this  voltage  is  removed, 
charges  accumulated  on  the  electrodes  and  the  dielectric 
begin  to  discharge.  Since  the  time  constant  for  the 
displacement  current  is  of  the  order  of  milliseconds,  the 
current  transients  shown  in  Fig.  2  comprise  mainly  trap 
charging  and  discharging  currents.  3n  this  ease,  trap 
density,  charging  and  discharging  time  constants  can  be 
extracted  for  different  trap  species. 

III.  measurement Results  and  Model  Extraction 

The  amount  of  charge  trapped  in  the  dielectric  can  be 
modeled  as 

Q  =  X  & J  LI  -  «pC-f uv  7  rc)U\p(-iOFJr  irJD)  ( 1 ) 

j 

where  Qf  is  the  steady-state  charge  density  of  the  Jth 
species  of  trap,  tr  and  td  are  the  charging  and 
discharging  time  constants,  t0N  and  t0FF  are  the  on  and 
off  times  of  the  switch  corresponding  to  the  charging 
and  discharging  times. 


fb) 

Fig.  3.  (a)  Trap  I  {  □  )  charging  and  (  +  )  discharging  and  trap  2(A) 
charging  and  (  x  )  discharging  time  constants  atid  (b)  (symbols) 
eauflcued  -imd  (liura)  fitted  steady-stale  charge  density  for  (  □  )  trap  1 
and  ( A )  trap  2  under  -40..  -30,  -20,  2(3, 30  and  4fl  V. 

Switch  lifetime  has  exhibited  an  exponential 
dependence  on  the  control  voltage  [1],  implying  that 
either  the  charge  density  or  the  rime  constant  is  strongly 
dependent  on  voltage.  To  investigate  the  voltage 
dependence  of  the  model  parameters,  charging  and 
discharging  currents  wrere  measured  on  permanently 
down  switches  under  control  voltages  both  above  and 
below  the  actuation  voltage  of  normal  switches.  Then 
the  model  parameters  ({2\  ic  and  t />)  "were  extracted  for 
each  control  voltage  by  fitting  the  current  transients  with 
exponential  functions.  Two  exponential  functions, 
representing  two  trap  species,  were  found  to  give  good 
fit. 

As  shown  in  Fig..  3(a),  the  extracted  charging  and 
discharging  time  constants  for  both  positive  and  negative 
control  voltages  exhibit  no  strong  voltage  dependence. 
Hence  rr  and  zD  were  taken  as  the  average  of  the  time 
constants  extracted  under  different  voltages.  By  contrast, 
the  steady-state  charge  density  is  found  to  vary 
exponentially  with  the  control  voltage,  as  illustrated  in 
Fig.  3(b).  The  voltage  dependence  of  the  steady-state 
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Fi£.  4.  (a)  Absolute  valuer  of  (iyml?D]s)  measured  and  (line?.) 

caleuteLHi  charging  aEid  discharging  current  transients  under  20,  30 
and  40  V  bonom  up  (b)  Absolute  values  of  (symbols)  measured  and 
(Sane?)  calculated  charging  and  discharging  current  transients  under 
-  20.  -20  and  -40  V  bottom  up 

charge  density  for  the  Jth  trap  is  modeled  as 

QJ  -  Qt  t\p(V  /  V' )  (2) 

where  V  is  the  control  voltage  while  Q{}  and  VS(  are  fitting 
parameters. 

Using  the  above  described  approach,  two  sets  of 
mode]  parameters  were  extracted  for  positive  and 
negative  voltages  as  listed  in  Table  I.  The  measured  and 
calculated  transient  charging  and  discharging  currents 
under  different  control  voltages  are  plotted  in  Fig.  4 
showing  good  agreement  between  experimental  data  and 
theoretical  calculation. 

3  V,  Model  Verification 

The  dielectric  charging  effect  on  staie-of-the-ari  RF 
MEMS  capacitive  switches  {shown  in  Fig-  l  and 
fabricated  on  the  same  wafer  as  the  permanently  down 
switches)  was  measured  by  applying  a  stress  voltage  on 


TABLE  I 

Extracted  Model  Parameters 


POSITIVE  BIAS 

rc(s) 

ra(s) 

v<>  (V) 

i 

6.6 

6.t 

3- 1 14 1 0 1 0 

12.9 

2 

54.3 

61.6 

1 .6*  ]  O' 1 

14.9 

NEGATIVE  BIAS 

J 

rots) 

Qo  (  CTn';: ) 

MV) 

l 

6.5 

7,0 

2.4x10'° 

1  E.7 

2 

52,5 

74.7 

6.0*10'° 

10.5 

Fig.  5.  (  □  )  Measured  and  (■— J  mndded  at tualipn- voltage  shirt  after 
10,  20.  40,  80  and  120  $  of  -30  V  ytiKtt  on  the  switch.  The  charge  sheet 
is  assumed  to  be  90  am  away  from  the  bottom  swi  Lib  elec  bode. 


the  bottom  electrode  of  the  switch  for  different  time 
periods  while  measuring  the  corresponding  actuation 
voltage.  The  Stress  voltage  used  in  the  experiment  is  -30 
V,  which  is  sufficient  to  actuate  the  switch.  After  120  s 
of  stress,  the  actuation  voltage  was  shifted  by  5  V  in  the 
positive  direction  indicating  injection  of  negative 
charges  from  the  bottom  electrode  into  the  dielectric. 

The  actuation- voltage  shift  due  to  dielectric  charging 
can  be  expressed  as 

AV  =  qkQfeuer  (3) 

where  q  is  the  electron  charge,,  h  is  the  distance  between 
the  bottom  electrode  and  the  trapped  charge  sheet,  is 
the  permittivity  of  free  space,  and  £>  is  relative  dielectric 
constant  of  the  switch  dielectric  insulator. 

The  injected  charge  density  Q  for  certain  stress  period 
is  predicted  by  the  charge  model  (I)  with  h  optimized  to 
give  the  best  fit  between  model  prediction  and 
experimental  data.  Fig.  5  shows  the  measured  and 
modeled  actuation- voltage  shifts  after  different  stress 
periods.  Good  agreement  was  obtained  for  all  Stresses  by 
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using  h  -  90  nm*  which  is  about  one  third  of  the 
dielectric  thickness. 

v.  Di&cussiqn 

Although  the  present  model  assumes  that  the  injected 
charge  is  an  equivalent  sheet  of  charge  90  nm  above  the 
bottom  electrode,  the  actual  bottom- injected  electrons 
most  likely  are  distributed  across  the  thickness  of  the 
dielectric.  Since  their  collective  effect  on  the  actuation 
voltage  can  be  approximated  by  a  sheet  charge,  it  greatly 
simplifies  che  model  making  it  possible  to  predict  the 
dielectric-charging  effect  under  complicated  control - 
voltage  waveforms.  In  addition,  tunneling  and  trap -to- 
trap  hopping  were  not  taken  into  account  in  the  present 
simple  mo-del  so  that  (1 )  is  only  based,  on  the  first-order 
carrier  capture  and  emission  dynamics.  Therefore,  the 
extracted  charging  and  discharging  time  constants 
should  not  be  construed  as  exact  capture  and  emission 
times,  respectively. 

The  current  transients  measured  on  the  permanently 
down  switches  were  used  to  predict  the  dielectric- 
charging  effect  in  functioning  switches.  Although  charge 
injection  from  the  bottom  electrode  is  expected  to  be 
similar  in  both  cases,  charge  injection  from  the  top 
electrode  can  be  rather  different  due  to  non-ideal  contact 
between  the  top  electrode  and  the  dielectric  in  actual 
switches.  For  the  present  devices,  the  dielectric-charging 
effect  is  dominated  by  charge  injection  from  the  bottom 
so  that  any  difference  in  charge  injection  from  the  top 
can  be  ignored.  This  may  not  be  the  case  in  other  types 
of  switches  for  which  charge  injection  from  the  top  is 
not  negligible. 

vi.  Conclusion 

Charging  and  discharging  currents  of  traps  in 
permanently  down  RF  MEMS  capacitive  switches  were 
measured,  Based  on  the  measured  data,  a  simple  charge 
model  was  extracted.  The  steady-state  charge  density 
was  found  to  have  an  exponential  dependence  on  the 
control  voltage  while  the  charging  and  discharging  time 
constants  were  relatively  independent  of  voltage.  The 
extracted  charge  model  was  capable  of  accurately 
predicting  charge- induced  actuation- vo-ltage  shift  in 
state-of-the-art  MEMS  capacitive  switches. 
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